Adrenocorticotropin hormone (ACTH), which is secreted in response to psychological stress, plays an important role in the hair cycle. This study examined the mechanism by which ACTH affects the hair cycle using mice deficient in melanocortin receptor-2(MC2R −/− ), which is a main receptor for ACTH. We observed the hair cycle using female MC2R −/− mice at 15 weeks old and five days old to determine whether there were any age-dependent differences. The 15-week-old MC2R −/− mice showed the anagen phase for all mice. On the other hand, all of the MC2R +/+ mice showed the telogen phase at the same age. Moreover, in the five-day-old mice, the hair growth of the MC2R −/− mice occurred earlier than in the MC2R +/+ mice. Both the 15-week-old and five-day-old MC2R −/− mice had higher levels of ACTH and alpha-melanocyte stimulating hormone in the blood than did the MC2R +/+ mice. In addition, in the 15-week-old MC2R −/− mice, the hair cycle shifted to the telogen phase following the administration of a cyclic guanosine monophosphate (cGMP) inhibitor and MC1R/MC5R inhibitor. In the five-day-old MC2R −/− mice, the hair growth was slowed by the administration of corticosterone. These results suggest that the ACTH/MC2R system has an important role in the hair cycle.
Introduction
In response to psychological stress, corticotropin-releasing hormone (CRH) is secreted from the hypothalamus, and CRH leads to the secretion of adrenocorticotropin hormone (ACTH) from the pituitary gland and local tissues
Materials and Methods

Animals
Five-day-old female MC2R −/− mice (B6/Balb mix background) and 15-week-old female MC2R −/− mice (National Center for Global Health and Medicine, Tokyo, Japan) were used for the experiments [17] . MC2R +/+ mice were used as control mice. The mice were kept on a 12-hour light/12-hour dark cycle at 23˚C ± 1˚C under SPF conditions, and all animals were allowed free access to laboratory chow (CE-2, Oriental Yeast Co., Tokyo, Japan) and water during the experiments. There were ten mice per group. There are four possible fur colors for MC2R −/− mice; yellow, brown, black and white. In this experiment, we use the brown and yellow mice for the studies of 15-week-old mice, and we used the mice with white fur for the studies in the five-day-old mice. This study was carried out in strict accordance with the recommendations of the Guide for the Care and Use of Laboratory Animals of the Osaka City University Medical School. The protocol was approved by the Ethics of Animal Experiments committee of the Osaka City University of Medical Science (Approval number: 08113). All surgeries were performed under sodium pentobarbital anesthesia, and all effects were made to minimize suffering.
Chemical Treatment
6-(phenylamino)-5,8-quinolinedione (LY83583) treatment
LY83583 inhibits the production of soluble guanylate cyclase and cyclic guanosine monophosphate (cGMP). LY83583 (20 mg/kg; Cayman Chemical, Ann Arbor, MI) was suspended in a 1:175, solution of DMSO:PBS, which was administered intraperitoneally (i.p.) for two weeks from when the mice were 13 weeks old to when they were 15 weeks old or for four days, from when the mice were two days old to when they were five days old [18] . Control animals were treated with vehicle only.
TGF-β1,2,3 treatment Some of the mice were treated with an anti-TGF-β1,2,3 antibody (2 mg/kg, i.p.; R&D Systems, Wiesbaden, Germany), and were treated during the same time period as with LY83583 [19] . Controls were treated with PBS.
Agouti-related protein (AgRP) treatment Approximately 2.5 μg of the MC1R and MC5R antagonist, AgRP (Peptide Institute Inc., Osaka, Japan), in 50 μl saline was injected for the same treatment period noted above. Saline was injected into the control mice [20] .
Corticosterone treatment Some of the mice were treated with the corticosterone (10 mg/kg S.C.; Wako, Osaka, Japan), again for two weeks from when the mice were 13 weeks old until they were 15 weeks old, or for four days from when they were two days old to when they were five days old [21] . Control animals were treated with corn oil. We measured the levels of α-MSH, ACTH, CRH and corticosterone in the blood of the mice when they were five days old and 15 weeks old. To measure the level of TGF-β, the blood samples were taken from the heart at 6 h after the final administration of treatment, and then the plasma was fractionated. The plasma levels of TGF-β, ACTH, α-MSH, CRH and corticosterone were determined using commercial ELISA kits (TGF-β; Promega, Madison, WI; α-MSH, ACTH and CRH; Phenix Pharmaceuticals Inc., Burlingame, CA; corticosterone; Assay Pro, St. Charles, MO) according to the manufacturers' instructions.
Quantification of the
Histology and Histomorphometry [22] [23]
Formalin-fixed, paraffin-embedded sections were routinely stained with haematoxylin and eosin. We observed the depth of the hair follicle (hair-root pars-basilaris-ossis-occipitalis from the epidermis) at 100 to 400 times magnification using a light microscope. In addition, we measured the depth of the hair follicle using a micrometer in three visual fields (10 per visual field) at random in all mice and computed the average value.
Preparation and Staining of Dorsal Skin
Dorsal skin specimens were fixed in phosphate-buffered paraformaldehyde (4%), embedded in frozen TissueTek OCT compound and cut into 5 μm-thick sections. The sections of the dorsal skin were washed in PBS and then were subsequently incubated overnight at 4˚C with a rabbit anti-phosphodiesterase 9A (PDE9A) (1:400) polyclonal antibody (cGMP-specific 3'-5'-cyclic phosphodiesterase type 9; Novus Biologicals, Littleton, CO), rabbit anti-MC1R and rabbit anti-MC5R (1:100) polyclonal antibody (Chemicon, Temecula, CA), rabbit anti-period circadian clock 1 (Per1, 1:50) polyclonal antibody (Santa Crus Biotechnology Inc., Santa Cruz, CA), or rabbit anti-cryptochrome 1 (Cry1, 1:50) polyclonal antibody (Alpha Diagnostic, San Antonio, TX). The sections were then washed in PBS and incubated at room temperature for two hours with FITC-conjugated anti-rabbit immunoglobulin, TRITC-conjugated anti-rabbit immunoglobulin, or TRITC-conjugated anti-goat immunoglobulin (1:30; Dako Cytomation, Glostrup, Denmark). The expression levels of PDE9A, MC1R, MC5R, Per1 and Cry1 were evaluated immunohistochemically using a fluorescent microscope.
Western Blot Analysis of the Dorsal Skin
The dorsal skin samples were homogenized in lysis buffer containing 0.5% Nonidet P-40, 10% glycerol, 137 mM NaCl, 2 mM ethylenediaminetetraacetic acid and 50 mM Tris-HCl buffer (pH 8.0). Following centrifugation at 8000 × g for 10 minutes, the supernatant fractions were separated and stored at −80˚C until use. The stored dorsal skin specimens were subjected to 10% polyacrylamide gel electrophoresis (PAGE) in the presence of 0.1% SDS, and the electrophoresed proteins in the gel were transferred to an Immobilon membrane (Millipore, Bedford, MA). The membrane was then blocked with 5% skim milk at 4˚C overnight and subsequently incubated with primary antibodies against PDE9A (1:1000) polyclonal antibodies (Novus Biologicals, Littleton, CO), MC1R and MC5R (1:1000) polyclonal antibodies (Chemicon, Temecula, CA), Per1, (1:1000) polyclonal antibodies (Santa Crus Biotechnology Inc., Santa Cruz, CA), or Cry1 (1:1000) polyclonal antibodies (Alpha Diagnostic, San Antonio, TX) at 25˚C for one hour following by horseradish peroxidase-conjugated secondary antibodies (DakoCytomation, Glostrup CA). The immune complexes thus formed were detected with enhanced chemiluminescence (ECL) reagents (GE Healthcare Bio-Sciences, Piscataway, NJ).
Statistical Analysis
All data are presented as the means ± SD derived from 10 animals. The results obtained from the two animal groups were analyzed be either Student's t-test or an ANOVA using a computer software package. Differences were considered to be significant for values of p < 0.05.
Results
Hair Growth on the Dorsal Skin in MC2R −/− Mice
The hair cycle of the control mice when they were 10, 15 and 20 weeks old had stopped at the telogen phase, but the cycle in the MC2R −/− mice was maintained in the anagen phase (Figure 1(a) ). The hair growth of the fiveday-old MC2R −/− mice was more active compared with that in the MC2R +/+ mice (Figure 1(b) ). Moreover, the α-MSH, ACTH and CRH level in the blood of MC2R −/− mice was high compared with that in MC2R +/+ mice (Figures 2(a)-(d), Figure 2(g) and Figure 2(h) ). On the other hand, there were no significant differences in the corticosterone levels in the blood in the MC2R −/− and MC2R +/+ 15-week-old and five-day-old mice (Figure 2 (e) and Figure 2(f) ). Based on these results, we used both the 15-week-old and five-day-old mice in the present study. week-old mice, the expression of PDE9A, MC1R and MC5R was increased in the MC2R −/− mice compared with the MC2R +/+ mice. In addition, the expression of the TGF-β2 receptor was decreased in these mice compared with the MC2R −/− mice (Figures 3(a)-(c) ). On the other hand, in the five-day-old mice, the expression of Per1, Cry1 and the corticosterone receptor were decreased in the MC2R −/− mice compared with the levels in the MC2R +/+ mice (Figures 3(d)-(f) ).
Effects of LY83583, Anti-TGF-β1,2,3, AgRP or Corticosterone Treatment on the Hair Cycle in the Dorsal Skin
Fifteen-week-old MC2R −/− mice exhibited primarily the anagen phase in the dorsal hair. However, treatment with AgRP (an inhibitor of MC1R and MC5R) and LY83583 (cGMP synthesis inhibitor) changed the hair cycle so that the hair was in the telogen phase (Figure 4(a) ). These effects of the treatment were not seen in the five-day-old MC2R −/− mice (Figure 4(b) ). On the other hand, no changes in the hair cycle were observed in the 15-week-old MC2R −/− mice following corticosterone treatment (Figure 4(a) ). However, in the five-day-old MC2R −/− mice, the hair cycle shifted to the telogen phase (Figure 4(b) ). In addition, in the MC2R +/+ mice, the hair cycle did not change from the telogen phase in response to any of the treatments.
Quantification of the TGF-β Level by an Enzyme-Linked Immunosorbent Assay
In the 15-week-old MC2R −/− mice, the concentration of TGF-β in the plasma was increased by treatment with AgRP or LY83583 (Figure 5(a) ). However, in the five-day-old MC2R −/− mice, the concentration of TGF-β in the plasma did not change with either treatment (Figure 5(b) ).
Discussion
The present study demonstrated that in the 15-weeks-old MC2R −/− mice, the hair cycle was in the anagen phase, and the hair cycle shifted to the telogen phase following treatment with an antagonist of MC1R and MC5R or a cGMP inhibitor. On the other hand, in the five-day-old MC2R −/− mice, the hair cycle was shifted to the telogen phase following corticosterone administration. Moreover, an increase in the expression of clock genes was seen in these mice. It was thought that the hair cycle of the MC2R −/− mice was controlled by a different mechanism at each age.
It has been previously reported that ACTH starts from the point of POMC-induced anagen and has an important role in the process of hair growth [24] - [26] . By interacting with MC2R, ACTH can induce an elevation of the corticosterone level, and modulates the POMC system and local immune system [4] [27] . Therefore, increased plasma levels of corticosterone may cause a decrease in POMC-derived peptides in the skin, which is related to the anagen induction. However, since no MC2R was present in the MC2R −/− mice to induce the expression of corticosterone in response to ACTH exposure, no increase was observed in the corticosterone level in the blood, and there was no apparent feedback effect, suggesting that the POMC-derived peptides were maintained at high levels in the blood (Figure 1) .
In the 15-week-old mice, the hair cycle was shifted to the telogen from the anagen phase by inhibiting other receptors (MC1R and MC5R) for ACTH (Figure 4(a) ). In addition, the hair cycle shift from the anagen to telogen phases was also caused by the administration of a cGMP inhibitor (Figure 4(a) ). Therefore, it was thought that the hair cycle shifted from ACTH of a luxus by activating cGMP through MC1R and MC5R. In addition, there is a report in which the expression of MC1R mRNA was found to be related to the hair cycle [28] . Furthermore, ACTH inhibits the activity of TGF-β, which stops the hair cycle at the telogen phase [29] . In this study, the level of TGF-β in the blood was increased by the administration of inhibitors of MC1R, MC5R and cGMP ( Figure 5) . Although it is possible that ACTH maintained the hair cycle in the anagen phase by suppressing the actions of TGF-β, the details underlying this mechanism are unclear. In addition, α-MSH affects the cGMP level [30] . In the current study, a continuous increase in α-MSH was observed in the MC2R −/− mice compared with the MC2R +/+ mice (Figure 2(c) and Figure 2(d)) . Therefore, the increase in α-MSH may also have influenced the duration of the anagen phase of the hair cycle.
On the other hand, in the five-day-old mice, the administration of inhibitors of the MCRs and cGMP did not affect the hair cycle. However, the retardation of the anagen phase was observed following the administration of corticosterone (Figure 4) . Corticosterone is known to suppress the expression of clock genes (Per1, Clock, Cry1, etc.), but may conversely increase the expression of clock genes. The Per1 and Clock genes are expressed in hair follicles and modulate the hair cycle [31] . In the five-day-old MC2R −/− mice, since there was little corticosterone, there was low expression of clock genes and the hair cycle shifted toward the anagen phase; however, following the administration of corticosterone, the expression of the clock genes increased, and as a result, the hair cycle shifted toward the telogen phase. Furthermore, the relationships between clock genes and melatonin are well known [32] - [34] . Melatonin activates pathways protective against oxidative stress, modifies cellular metabolism and is implicated in the hair growth cycle [35] . In the present experiment, a decrease in the expression of the clock gene was seen in the MC2R −/− mice (Figure 3(e) and Figure 3(f) ). Therefore, melatonin may have an effect in reducing the expression levels of these clock genes. Moreover, in a previous study, when mice were kept in a dark place from birth, the expression of the clock genes was suppressed, and it was shown that the growth of the newborn's hair was delayed (data not shown). These results suggested that the clock genes are related to the hair cycle in newborn mice. On the other hand, there is a report that mast cells activate murine hair follicle regression [36] . In addition, corticosterone controls the expression of mast cells [37] . Therefore, depression of the corticosterone content in the MC2R −/− mice may have stopped remodeling of the hair follicle. Furthermore, CRH-R2 promotes the degradation of mast cells [38] . In the present study, the levels of CRH were increased in the MC2R −/− mice (Figure 2 (g) and Figure 2(h) ). Although the expression of CRH-R was not investigated in this research, CRH/CRH-R may play a role in controlling the hair cycle. In the current experiments, we did not perform an examination of the immune system. Therefore, it is necessary to examine the immune system (especially mast cells) in future studies. Moreover, since this study is the research which used the mouse, it is difficult to actually transpose to human. Therefore, we are pleased if the research on people progresses based on the results of this study.
Conclusion
In this study, it was shown that the ACTH/MC2R system has an important role in the hair cycle. Moreover, the mechanism of action appears to change with age, with the ACTH/MC2R/cGMP/TGF-β system functioning in adult mice, and the ACTH/MC2R/corticosterone/clock genes system being more active in the newborn mice. In this way, the hair cycle and neuroendocrine system exhibit a close relationship [39] . Elucidating the role of the MC2R signal is key to clarifying the complicated hair cycle.
